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ABSTRACT 


Experimental  work  on  gaseous  and  solfd-state  laser  de¬ 
velopment  is  reported.  The  high  tenperature  Mn  collision  laser 
tests  indicated  that  insufficient  gain  was  achieved  to  obtain 
oscillation  with  present  apparatus.  Experiments  testing  La  and  Y 
as  collision  laser  media  were  concluded  after  demonstrating  that 
higher  discharge  currents  and  higher  operating  temperatures  than 
presently  available  were  required.  The  possibility  that  photodis¬ 
sociation  of  TiBr  in  the  presence  of  a  quenching  gas  could  lead  to 
a  population  inversion  was  experimentally  investigated.  Mach- 
Zehnder  interferograms  of  the  transient  optical  path  distortions 
introduced  by  optical  pumping  of  ruby  were  obtained.  An  ruby 
laser  pumped  by  an  R2  ruby  laser  experiment  was  designed  and  the 
construction  of  the  apparatus  initiated. 
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1. 


i.  INTRODUCTION  AND  SUMMARY 

The  goal  of  r.his  program  has  been  the  development  of 
lasers  with  higher  brightness,  power  and  efficiency  than  pres¬ 
ently  available.  The  research  tasks  have  been  divided  into  the 
two  major  partt>  consisting  of  research  on  the  properties  of  gaseous 
lasers  on  the  one  hand  and  solid-state  lasers  on  the  other. 

The  work  performed  in  the  area  of  gaseous  laser  develop¬ 
ment  is  a  continuation  of  work  initiated  during  the  previous  con¬ 
tract:  AF  49(638) -673.  Experiments  have  been  performed  on  two 
new  types  of  gas  lasers.  One  of  these,  known  as  the  collision 
laser,  is  based  on  the  utilization  of  collisional  relaxation.  The 
other  depends  on  creation  of  population  inversions  by  the  photo¬ 
dissociation  of  molecules. 

A  number  of  elements  were  considered  as  candidates  for 
collision  laser  media.  Those  felt  tc  be  the  most  promising  turned 
out  to  be  elements  which  require  high  temperatures  In  order  to  ob¬ 
tain  adequate  vapor  pressures.  As  a  result  considerable  time  and 
effort  has  been  devoted  to  successive  redesign  and  reconstruction 
of  experimental  apparatus.  After  construction  of  one  apparatus 
capable  of  operation  up  to  1400 “C  and  another  of  operation  up  to 
2000 ®C,  experiments  were  performed  to  test  the  concept  of  the  col¬ 
lision  laser.  The  lower  temperature  apparatus  was  enployed  in  the 
investigation  of  manganese  and  various  noble  gas  mixtures  under  a 
variety  of  discharge  conditions.  The  higher  temperature  apparatus 
was  used  to  similarly  investigate  lanthanum  and  yttrium.  To  date 
neither  effort  has  led  to  laser  oscillation.  In  the  case  of  man¬ 
ganese  it  is  belie’-ed  that  appropriate  conditions  for  population 
inversion  have  been  achieved,  but  that  the  transition  probability 
for  the  proposed  laser  transition  is  so  small  that  oscillation 
would  not  be  possible  in  the  present  apparatus.  In  the  case  of 
lanthanum,  the  thermal  ionization  which  sets  in  at  relatively  low 
temperatures  (/>-<•  1600 °C)  has  prevented  the  attainment  of  collision 
laser  discharge  conditions.  With  yttrium,  it  is  believed  that  the 
electron  excitation  rates  are  insufficient  compared  to  collisional 


/  ^  SUBSIDIARY  OP  CONTROL  DATA  CORPORATION 


2 


and  radiative  relaxation  to  permit  the  attainment  of  population 
inversions.  Work  on  the  rare-earth  collision  laser  has  therefore 
been  terminated.  Additional  investigations  are  in  progress  to 
verify  the  tentative  conclusion  concerning  the  manganese  system. 

The  work  on  the  photodissociative  pumping  mechanism  has 
been  mainly  concerned  with  the  measurement  of  abso'^'ption  and  quench 
ing  cross-sections.  These  basic  parameters  have  been  investigated 
in  order  to  determine  the  extent  by  which  the  creation  of  popula¬ 
tion  inversion  has  been  missed.  It  was  concluded  that  with  TiBr 
and  various  quenching  gases,  population  inversions  could  not  be 
maintained.  Similar  investigations  for  CsC^  are  planned. 

The  solid-state  laser  investigations  have  been  concerned 
with  the  elucidation  of  the  reasons  for  the  poor  radiance  which  is 
usually  exhibited  by  solids.  Among  the  proposed  causes  are  the 
thermo-optical  effects  due  to  the  presence  of  thermal  gradients. 

The  thermal  gradients  are  the  result  of  punqj  light  absorption.  A 
Mach-Zehnder  interoferometer  was  used  to  investigate  the  time  de¬ 
velopment  of  the  optical  properties  both  during  and  after  a  pump 
pulse.  A  significant  result  of  this  work  is  the  apparent  reproduci 
bility  of  the  interferograms  from  shot -to-shot.  A  second  line  of 
investigation  has  been  concerned  with  the  avoidance  of  the  thermo- 
optical  effects  by  decreasing  to  a  minimum  the  punq)  light  which 
must  be  absorbed.  Thus  an  R2  ruby  laser  may  be  used  to  punq)  an 
ruby  laser  with  very  little  heat  deposition  expected.  Consequently 
the  radiance  of  the  Rj^  laser  should  be  improved  to  whatever  extent 
its  performance  had  been  limited  by  thermal  effects.  The  design 
and  construction  of  the  necessary  apparatus  for  a  laser  pumping 
laser  experiment  has  been  undertaken. 
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2.  MANGANESE  COLLISION  LASER 

The  manganese -noble  gas  system  was  investigated  for  the 
purpose  of  demonstrating  the  collision  laser  principle.  The  prin- 

ic 

ciple  of  operatic'  is  described  in  detail  in  the  paper  by  Gould  . 
Experimental  Apparatus 

Several  types  of  experimental  apparatus  were  constructed 
which  were  capable  of  producing  and  enclosing  manganese  vapor  (at 
1400®C)  under  vacuum  conditions  in  an  optical  cavity.  The  first 
two  designs  were  constructed,  tested  and  rejected  as  described  in 
a  previous  report  .  The  Mark  III  apparatus  also  described  in  this 
reference  suffered  from  the  difficulty  of  replenishing  the  active 
material  supply  once  it  had  migrated  out  of  the  heated  zone.  On 
the  basis  of  diffusion  calculations  one  should  have  expected  one 
10  g  charge  of  Mn  to  ha  e  provided  an  experimental  lifetime  of 
several  hundred  hours.  In  fact,  the  lifetime  was  of  the  order  of 
10  hours  which  pointed  to  other  means  of  m<\.'^s  transfer,  such  as 
convection.  In  view  of  these  circumstances,  an  apparatus 
was  designed  and  constructed  using  brazed  alumina  to  Kovar 
seals,  demountable  0-ring  sealed  electrode-window  assemblies  and 
replaceable  alumina  liners.  This  scheme  facilitates  easy  loading 
and  replenishing  of  the  active  material. 

Mullite,  magnesia,  alumina,  beryllia  and  thoria  were  con¬ 
sidered  as  possible  laser  tube  construction  materials.  Alumina  was 
chosen  because  it  has  excellent  vacuum  properties  at  high  tempera¬ 
tures,  it  is  mechanically  strong,  can  be  bonded  to  metal  and  is 
available  in  long  lengths.  The  type  of  alumina  chosen  was  the  re¬ 
crystallized  type  of  99.57o  purity  which  is  used  in  production  of 
ceramic-metal  vacuum  tubes.  The  tube  construction  gravitated  natu¬ 
rally  to  the  ceramic-metal  method  Measurements  show  that  in  the 
range  of  tenqjeratures  100-1000 °C  the  coefficient  of  thermal  expan¬ 
sion  of  alumina  closely  matches  that  of  Kovar  alloy.  This  consi¬ 
deration  and  the  ease  of  brazing  and  welding  Kovar  made  it  ideal  for 

G.  Gould,  Appl.  Opt.  Suppl.  2y  59  (1965). 
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use  in  seals.  Several  processes  were  developed  for  the  actual 
bonding  of  alumina  to  Kovar.  They  all  involve  two  steps:  (1)  ap¬ 
plying  a  closely  adhesive  or  chemically  bonded  metal  layer  on  the 
alumina  ceramic  and  (2)  brazing  or  soldering  the  required  part  to 
the  metallized  region  of  the  ceram?c.  It  has  been  experimentally 
determined  that  colloidal  mixtures  of  molybdenum  and  manganese 
of  1-5  micron  particle  size  when  applied  to  alumina  along  with  a 
liquid  binder  and  fired  at  about  1350®C  produced  a  strongly  bonded 
metallic  layer  which  penetrates  the  order  of  0.1  mm  into  the  ceramic. 
If  this  layer  is  electroplated  with  nickel  or  copper  the  ceramic 
part  can  then  be  brazed  to  the  similarly  plated  Kovar  part.  Usually 
the  alumina  is  placed  on  the  inside  of  the  Kovar  part  in  cylindri- 
cally  symmetric  structures  to  maintain  it  in  a  state  of  conqjression. 

In  the  coaxial  tube  structure  the  outer  alumina  tube  has 
a  Kovar  flange  brazed  to  each  end.  The  joining  Kovar  tube  has  a 
0.010  wall  cl.ickness  for  flexibility  and  surrounds  the  alumina. 

The  braze  was  done  with  B-T  material,  a  silver-copper  eutectic  al¬ 
loy  with  a  melting  point  of  780 All  metallizing  and  brazing  was 
done  in  molybdenum  wound  electric  ovens  using  dissociated  aranonia 
atmospheres.  Vety  careful  attention  was  paid  to  heating  and  cool¬ 
ing  rates  to  avoid  breakage  by  thermally  shocking  the  alumina.  Rates 
of  200 per  hour  were  followed  because  of  the  poor  thertnal  con¬ 
ductivity  of  alumina  and  the  relatively  large  wall  thickness  of  the 
tubes . 

The  actual  apparatus  used  (see  Figure  1)  has  a  coaxial 
structure  with  an  outer  alumina  oven  tube  of  1  inch  o.d.  x  3/4  inch 
i.d.  X  36  inches  long.  The  Kovar  flanges  brazed  to  its  ends  form 
vacuum  tight  mechanically  strong  supports  for  the  electrode-window 
assemblies  that  bolt  to  them.  One  of  the  flanges  has  a  vacuum  pump¬ 
ing  lead  brazed  to  it  for  connection  to  the  pumps  and  gas  handling 
manifold.  The  inner  tube  is  15  mm  o.d.  x  10  mm  i.d.  x  36  inches 
long.  It  is  of  the  same  material  as  the  outer  tube:  Morganite 

Handbook  of  Electron  Tube  and  Vacuum  Techniques .  F.  Rosebury, 
(Addison  Wesley  CJo.  ,  Inc.  ,  Reading  Mass.  ,  1965)  pp.  68-73. 
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“triangle  RR"  99.5%  pure  alumina.  The  tube  and  its  contents  are 
heated  by  a  ribbon  heater  of  60%  platinum,  40%,  rhodiun  alloy, 

0.005  inch  x  0.060  inch  x  50  feet  wound  around  the  1  inch  tube 
and  bonded  to  its  surface  -’ith  “alundum"  RA  1139  refractory  cement. 
The  tube  is  mounted  in  a  heat  insulating  assembly  which  consists 
of  a  14  inch  o.d.  x  8  i.ch  i.d.  x  36  inches  long  asbestos  pipe  in¬ 
sulator,  a  layer  of  alumina  firebrick  and  a  primary  insulator  of 
alumina  grain.  The  grain  is  effective  in  changing  the  primary 
means  of  heat  loss  from  radiaticvi  which  increases  as  the  fourth 
power  of  teaq)erature  to  conduction  which  increases  linearly  with 
temperature. 

The  charge  of  material  to  be  investigated  is  placed  with¬ 
in  the  alumina  liner  which  is  inserted  into  the  alumina  oven  as¬ 
sembly.  The  flanged  window-electrode  assemblies  are  bolted  on  and 
the  tube  evacuated.  While  preliminary  heating  is  taking  place  the 
vacuum  puit?)  remains  connected  for  outgassing  purposes  until  the 
teoperature  is  high  enough  to  raise  the  vapor  -ressure  of  the  active 
material  to  lO"^  Terr.  At  this  point,  a  sufficient  pressure  of 
helium  (about  2  Torr)  is  added  to  prevent  rapid  diffusion  of  the 
active  material  to  the  cool  window  region.  Heating  then  proceeds 
until  the  operating  vapor  pressure  is  reached  and  a  sufficient  pres¬ 
sure  of  helium  is  added  to  conform  to  the  desired  experimental  con¬ 
ditions. 

The  electrical  excitation  is  applied  by  means  of  flash- 
lamp  electrodes  which  are  large  tungsten  slugs  sealed  into  quartz 
iackets.  For  long  pulse  or  dc  operation  a  thermionic  cathode  is 
used  (Figure  1)  .  \  pure  tungsten  filament  is  useo  to  avoid  the 

contamination  effects  seen  with  thoriated  tungsten  or  oxide  coated 
cathodes.  All  electrodes  are  forced  air  cooled,  especially  the 
thermionic  cathode  which  requires  900  watts  heater  power  for  lOA 
thermionic  emission. 

Radiation  exits  from  the  excited  active  material  through 
either  BaF2  or  quartz  windows.  Since  the  windows  remain  under  cool 
ambient  conditions  they  are  bonded  to  the  electrode  assembly  with 
epoxy  vacuum  cement.  In  order  to  protect  the  inner  surface  of  the 
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figure  2.  THERMIONIC  CATHODE  AS  USED  ON  ALUMINA  lASER  TUBE 
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windows  from  deposits  of  die  active  material  which  might  diffuse 
to  them,  saiall  nickel  discs  are  placed  in  a  recessed  area  near 
the  window.  While  measurements  are  not  being  made  th2  discs  are 
raised  with  the  aid  of  a  small  magnet  and  effectively  block  any 
migration  to  the  window. 

Several  different  power  supplies  were  used  in  exciting 
the  metallic  vapors.  Initially,  a  dc  source  was  usedj  it  was  sine 
wave  modulated  and  capable  of  5000  Vrms  and  2  A  average  current. 

The  sine  wave  modulation  served  two  purposes:  (1)  to  modulate  the 
light  output  for  phase  sensitive  detection  of  spontaneous  emission 
and  (2)  to  subject  the  atomic  system  to  varying  current  densities, 
since  the  optimum  electron  density  for  laser  action  .;as  not  known. 
This  same  supply  was  capable  of  being  modulated  with  50%  duty  cycle 
square  waves  of  4  A  peak  current. 

The  next  power  supply  was  a  pulsed  device  using  hard  tubes 
as  the  modulators.  The  pulse  width  was  variable  from  0.2  msec  to 
1.8  msec,  a  pulse  repetition  rate  from  2  cps  to  500  cps  with  the 
capability  of  5000  V  at  peak  currents  of  12  A.  This  system 
supplied  reference  voltages  and  a  stable  repetition  rate  for  use 
with  phase  sensitive  detection  equipment. 

Experimental  Results 

Upon  completion  of  the  ceramic-metal  flanged  system  an 
attempt  was  made  to  observe  the  manganese  spectral  lines  favorable 
for  CW  oscillation  as  a  collision  laser.  These  were  in  the  2.0u  to 
2.2jx  and  2.6uto2.7M.  ranges  corresponding  to  a^D  to  z®P°  and  to 
a^P  transitions  respectively.  A  Perkin-Elmer  model  98  g  monochro¬ 
meter  with  an  Eastman  Kodak  N  type  PbS  cell,  and  a  Sanborn  phase 
sensitive  detector  were  used  to  detect  the  signal.  A  wide  range  of 
current  densities,  Mn  pressures  and  discharge  carrier  gas  pressures 
were  tried  but  none  of  the  expected  lines  were  seen  in  spontaneous 
emission  although  numerous  other  manganese  infrared  lines  were  ob¬ 
served.  At  this  point,  it  was  decided  to  determine  if  the  upper  and 
Icwer  laser  levels  were  truly  in  Boltzmann  equilibrium  at  or  near 
the  electron  tenqjerature.  Apparatus  was  set  up  to  observe  spon¬ 
taneous  emission  from  energy  levels  near  the  expected  laser  level. 
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Convenient  lines  were  the  strong  Mn  resonance  lines  originating 

8  o  *1 

from  the  z°P°  level  centered  at  18500  cm  and  those  originating 

from  the  group  at  2A800  cm  Lines  from  these  levels  ap- 

o  o  o  o 

peared  at  5395A  and  5433A  and  4030A  to  4C34A  respectively.  It 
was  possible  to  saturate  the  population  density  in  these  levels 
as  indicated  by  the  leveling  off  of  the  line  intensity  as  a  func¬ 
tion  of  excitation  current  density  in  the  neighborhood  of  3  to  10  A 
2 

cm  .  This  result  demonstrated  that  population  equilibrium  at  or 
near  the  electron  temperature  had  been  established  at  least  up  to 
an  energy  of  25000  cm  Therefore  the  failure  to  observe  spon¬ 
taneous  emission  at  the  proposed  laser  transitions  was  attributed 
to  A  coefficients  of  less  than  expected  magnitudes.  An  absolute 
power  calibration  of  the  detection  system  was  made  to  provide  an 
upper  limit  on  the  A  value  of  the  laser  transitions,  and  consequently, 
a  maximum  figure  for  the  laser  gain.  Careful  calibration  with  an 
Eppley-NBS  standard  lamp  showed  that  intensities  corresponding  to 
A  coefficients  of  0.25  sec  ^  at  wavelengths  of  about  2..  were  de¬ 
tectable.  This  upper  limit  on  the  A  coefficient  indicated  that 
the  laser  transition  gain  had  to  be  less  than  0.8'4  per  meter.  Had 
the  gain  been  twice  this  amount,  oscillation  would  have  been  ob¬ 
served. 

Future  Work 

An  optimization  of  the  optical  system  is  planned.  Re¬ 
flectors  of  the  highest  possible  reflectivity  to  allow  oven  very 
weak  transitions  to  oscillate  will  be  obtained.  A  barium  fluoride 
pick-off  plate  will  be  inserted  in  the  optical  cavity  to  extract 
radiation.  Since  the  basic  apparatus  has  proved  very  reliable  and 
experimentally  convenient  there  are  no  plans  to  modify  it.  A  new 
power  supply  is  being  constructed  to  provide  excitation  current 
pulses  of  extremely  fast  rise  time.  It  will  utilize  a  capacitor 
or  transmission  lino  discharging  into  the  laser  tube  through  an 
air  spark  gap. 
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Ji.  RARE  EARTH  COLLISION  LASER 

The  purpose  of  this  experiment  is  to  investigate  the 
rare  earth  elements  lanthanum  and  yttrium  for  suitability  as  col¬ 
lision  laser  media.  Both  La  and  Y  exhibit  the  necessary  level 
structure  for  a  collision  laser,  i.e.,  tvo  groups  of  levels  sepa¬ 
rated  by  an  energy  large  conqjared  to  thermal  energy  and  the  levels 
within  these  groups  separated  by  energies  approximating  thermal 
energy.  For  a  collision  laser  to  work,  the  two  groups  of  levels 
must  have  a  population  ratio  determined  by  a  high  temperature, 

(the  electron  temperature)  while  the  population  within  a  group 
must  be  distributed  according  to  a  low  temperature  (the  gas  kinetic 
temperature).  The  work  described  in  this  section  was  intended  to 
demonstrate  that  the  former  condition  could  be  achieved  in  a  rare 
earth  discharge.  The  results  were  negative  and  a  decision  to  sus¬ 
pend  work  on  the  rare  earths  was  made.  This  decision  was  based 
upon  the  experimental  difficulties  in  achieving  a  distribution  of 
populations  between  the  groups  of  levels  according  to  the  electron 
temperature.  No  fundamental  inability  to  do  this  was  demonstrated. 

Rare  Earth  Laser  Tube 

The  physical  properties  of  La  and  Y  put  severe  require¬ 
ments  on  an  apparatus  one  might  build  to  produce  a  dis  harge  in 
their  vapors.  These  properties  are:  (1)  Vaporization  Temperature  ; 
La  requires  a  temperature  of  1950 “C  to  achieve  a  vapor  pressure  of 
0.1  Torr;  Y  similarly  to  achieve  a  vapor  pressure  of  0.1  Torr,  re- 
quires  1820°C.  (2)  Chemical  Reactivity  :  La  and  Y  are  reduced  by 

oxide  crucibles  and  metal  crucibles  must  be  used.  These  two  limi¬ 
tations  led  to  a  design  in  which  a  resistance  heated  tantalum  (Ta) 
seamless  tube  was  used  to  vaporize  the  rare  earths.  This  design 
meant  that  a  geometry  other  than  the  usual  longitudinal  discharge, 
parallel  to  the  tube  ax'  ,  had  to  be  used,  since  the  metal  walls 

R.J.  Ackermann  and  E.G.  Rauh,  J.  Chera.  Phys.  36,  448  (1962) 

C.E.  Habermann  and  A.H.  Daane,  J.  Chem.  Phys. “2+1,  2818  (1964). 
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are  unable  to  support  the  voltage  drop  necessary  to  maintain  the 
discharge.  Thus,  a  transverse  discharge  v?as  used,  with  the  cur- 
ren.,  flowing  from  a  hot  tungsten  ribbon  filament  suspended  along 
the  tube  axis  radially  to  the  Ta  cylinder.  Figure  3  shows  the  de¬ 
tails  of  the  laser  tube  with  provision  for  this  transverse  dis¬ 
charge. 

After  construction  and  operation  of  the  laser  tube,  two 
unavoidable  problems  became  apparent.  First,  Ta  recrystallizes 
in  a  vacuum  and  loses  mechanical  strength  at  the  temperatures  of 
operation  (up  to  18ro°c).  This  caused  failure  after  ^100  hours  of 
operation.  Second,  uis  type  of  transverse  discharge  limited  the 
current  density  to  1.5  A/cm  over  the  approximately  15  cm  hot  zone 
and  in  a  region  2  mm  from  the  tungsten  ribbon.  To  achieve  higher 
current  densities,  the  tube  was  converted  to  longitudinal  operation 
through  use  of  two  thoria  tubes  placed  into  the  Ta  tube  and  set  in¬ 
to  boron  nitride  end  pieces  held  between  the  copper  cathode  block 
and  the  end  flanges.  The  rare  earths  do  react  with  the  thoria  as 
mentioned  before.  To  prevent  rapid  destruction  of  the  thoria,  the 
bulk  rare  earth  was  kept  in  a  short  (4  inch)  section  of  Ta  joining 
the  two  thoria  tubes.  Both  types  of  discharge  were  used  during  the 
course  of  the  experiments.  A  rare  gas,  either  He  or  Ar  at  a  pres¬ 
sure  of  50  Torr  was  used  to  prevent  rapid  diffusion  of  the  metal 
from  the  hot  zone. 

Experimental  Results 

In  order  that  th  •  groups  of  levels  in  La  and  Y  come  to 
equilibrium  at  the  electron  temperature,  electron  atom  collisions 
must  predominate  over  all  other  processes,  collision  and  radiative, 
in  the  gas  discharge.  To  test  for  this,  one  can  searth  for  satura¬ 
tion  of  lluorescence  from  the  levels  in  question  as  the  current  is 
increased.  The  energy  levels  are  shown  in  Figure  4.  The  transi¬ 
tions  are  in  La  the  5d  6e  )  6p  5d^(^P)  6s 

2.55511  and  in  Y  the  4d  5  =  ,  i))5p  ^F^^,  to  4d^C^F)5s  2.502m 

and  the  4d  5s(^D)5p  ^^^^2  4d^(^F)5s  ^^5/2  2.583u.  These 

transitions  were  observed  in  the  discharge  using  a  Jarrell-Ash 
Model  82-000  0.5  Ebert  monochromator  and  an  n-type  PbS  photocon¬ 
ductor.  The  attenqjt  to  observe  saturation  as  a  function  of  dis¬ 
charge  current  constituted  the  bulk  of  the  experimental  work. 


/a  subsidiary  of  control  data  corporation 


QUARTZ  WATER  COOLED  PUMPING  MONEL  PUMPING  QUARTZ 


FIGURE  3.  RARE  EARTH  COLLISION  LASER  TUBE  WITH  PROVISION  FOR  TRANSVERSE  DISCHARGE 


13 


I.P*6.S0  VOLTS 


I.P.  =  5.61  VOLTS 


4(l*(b'0)5t 


4<l*<a’F)5t  o*Fjj(-7/*- 

4<l5t(a*0)5p  **F*^t/i- 

4d‘(9*P)5t 


4d*(a*F)5i 

yi/t- 

5i*(a'S)5p  z*P®— I/I- 


15,994 

15,864 

15,712 

15,476 

15,329 

15^21 

14,949 


11,532 
1 1,277 
11,078 
10,937 

10,529 


5d6«{o*D)6p  z^D°:^ 
> 

5d6i(o*0)6p  z*F®^ 


t/l - 

-  16,243 

II 

= \m 

7/* - 

-  1 5,019 

*/i - 

-  14,709 

I/I - 

-  14,095 

9/1 - 

-  13,631 

S/I - 

-  1  3,260 

o*G -  VI- 

5d*<o'C>6*  i/i- 

S/i- 

.9/1- 

5d*(o’P)6i  o*P^^i/z- 
5d*(b'0)6t  b*  —  y,l'. 
5d  (o  F)6i  0 ^  F s'/z' 

5d*(o’p)6$ 


5d‘(b'0)6t  b*  C  '  y,ll 
5d  (o  F)6i  0 ^  F s'/ 2- 


9,  96  I 
9, 71  9 
9,184 

9,044 
0,44  6 
8,052 

7,012 


5d*(o’p)6$  0 


5d*{o’F)6$  o^F 


4,122 
3 , 494 
3 ,010 
2 ,668 


4d  9i 


5d  6$*  o*D 


I  .  053 
0 


FIGURE  4.  ENERGY  LEVELS  OF  Y  AND  La 


14. 


Lanthanum  was  placed  at  the  center  of  the  cylindrical 
Ta  tube.  The  line  spectrum  was  photoelec trically  recorded  as  the 
difference  between  the  emission  intensity  with  the  discharge  cur¬ 
rent  off  and  on.  This  eliminated  the  detection  of  unwanted  ther¬ 
mal  backgrourd  radiation.  The  temperature  of  the  evacut.ted  tube 
was  raised  to  1000 “C  prior  to  filling  with  50  Torr  He.  At  tempera¬ 
tures  less  than  1400 °C,  only  an  He  spectrum  was  recorded.  As  the 
temperature  is  further  increased,  an  La  and  LaO  spectrum  is  ob¬ 
served.  At  temperatures  above  1800 "C  (maximum  temperature  reached 
was  1870‘’C)  ,  all  spectral  lines  disappeared.  This  effect  is  due 
to  thermal  ionization  of  La  (l.P.  =5.6  eV) .  The  effect  of  this 
thermal  ionization  is  to  decrease  the  voltage  across  the  discharge 
and  thus  lower  the  electron  temperature.  An  upper  limit  of  the 
working  temperature  for  La  is  thur  established.  At  1800 “C,  the 
vapor  pressure  is  20  mTorr.  Thus,  one  finds  the  effect  of  turning 
the  discharge  on  and  off  becomes  less  and  less  as  1800 "C  is  ap¬ 
proached.  An  increase  and  an  eventual  decrease  in  spontaneous 
emission  is  observed  in  the  proposed  laser  transition  as  the  tem¬ 


perature  is  increased.  An  attempt  to  observe  saturation  was  made 


on  the  2.555p.  line  at  1650 “C  (Pj^^ 
observed  with  cr.rrent  densities  o 


=  3  mTorr)  but  no  saturation  was 

2 

f  up  to  1.5  A/cm  .  A  search  for 


oscillation  produced  netative  results. 


Yttrium  demonstrated  its  superiority  over  La  in  the 

V 

next  series  of  experiments.  First  no  sijectral  evidence  of  any 
yttrium  oxide  was  found.  Second,  the  Y  spectrum  continued  to 
increase  monotonically  with  tenperature  to  1800’C,  i.e.,  there 
was  no  apparent  effect  of  thermal  ionization.  This  is  due  to  the 
higher  ionization  potential,  6.5  eV,  of  Y.  The  lines  at  2.520p. 
and  2.583p  were  observed  and  their  current  dependence  was  studied. 
Using  the  transverse  discharge  as  in  the  La  experiment,  at  a  pres- 
sure  of  40  mTorr  of  Y  and  currents  up  to  1.5  A/cm  ,  no  indication 
of  current  saturation  of  fluorescence  was  observed  on  either  line. 
At  this  point,  the  Ta  laser  tube  was  adapted  for  a  longitudinal 

2 

discharge  so  that  current  densities  could  be  increased  to  20  A/cm  . 
Still  no  evidence  of  saturation  \ias  observed.  Not  withstanding 
the  absence  of  saturation,  a  search  for  oscillations  was  made  but 
the  results  were  negative. 
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The  inability  to  saturate  the  Y  transitions  demonstrate 
that  other  processes  are  proceeding  at  a  more  rapid  rate  in  the 
,  discharge  than  electron-atom  inelastic  collisions.  One  immediately 

suspects  spontaneous  emission  from  the  upper  levels.  Recent  measure- 
ments  in  La  and  Y  show  that  A  values  for  spontaneous  emission  from 
the  upper  laser  levels  to  the  ground  state  are  3  x  10  sec  ,  1.2  x 
10^  sec”^  and,  4  x  10^"^  sec  These  rates  must  be  exceeded  by  tne 
electron  atom  inelastic  collision  rates  unless  there  is  radiation 
trapping.  The  nrocess  of  radiation  trapping  cannot  be  of  much  help 
since  diffusion  of  excited  atoms  to  the  laser  tube  walls  and  sub- 

3 

sequent  collisional  de-excitation  could  proceed  as  rapidly  as  10 
sec*^.  Therefore,  higher  currents  and  some  increase  in  tube  operat¬ 
ing  tenqseratures  are  required  for  saturation.  Neither  are  possible 
with  the  present  apparatus. 

Future  Work 

I  ————— 

No  further  v^ork  or.  the  rare  earths  is  contemplated. 

i 


C.H.  Corliss  and  W.R.  Bozman,  Experimental  Transition  Probabili¬ 
ties  of  Spectral  Lines  of  Seventy  “Elements^  (U. S.  Government 
*  Printing  Olrfice,  Washington,  D.C.  ,  l9b2)  N.B.S.  Monograph  53. 
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4.  PHOTODISSOCIATION  LASERS 

The  goal  of  the  work  on  molecular  photodissociation  is 
the  development  of  an  efficient,  high  power  gas  laser.  The  advan¬ 
tage  of  a  molecular  laser  medium  lies  in  the  broad  molecular  photo- 
dissociative  absorption  band  (<^3500  cra*^)  which  is  10^  times 
broader  than  an  atomic  absorption  line.  This  will  permit  an  in¬ 
crease  by  the  same  factor  of  pumping  light  power  coupled  into  a 
molecular  gas -laser  medium  over  the  coupling  possible  into  an 
atomic  laser  medium.  When  a  suitable  molecule  can  be  paired  with 
a  lamp  whose  output  is  confined  largely  to  the  3500-cm  ^  photodis- 
sociative  absorption-bandwidth  of  the  molecule,  a  continuous  gas 
laser  with  watts  of  output  in  the  visible  will  be  possible. 

O 

The  1850A  mercury  line  has  been  selected  as  the  optical 
puoqjing  source.  Although  far  from  optimum,  this  source  appears 
to  be  the  best  available  at  the  present  time.  Two  systems  have 
been  chosen  for  Investigation  ,  thallium  bromide  and  the  cesium 
halides.  These  are  the  most  promising  of  the  molecules  presently 

O 

known  to  be  photodissociated  by  the  1850A  line. 

T^Br  Photodissociative  Laser 

A  T^Br  photodissociation  laser  is  expected  to  operate 
as  follows: 


T^Br  4-  hv  (1850A) 

t/(7^S^/2)  tA6^P3/2)  +  hv(5350A) 

+  X  ^  T^  +  X 
T£  +  Br  4  Y  ^  T^!Br  Y* 


(1)  excitation 

(2)  laser 

(3)  relaxation 

(4)  recombination 


A  rate  equation  calculation  has  been  made  to  determine  the  optimum 
operating  temperature  and  maximum  gain  expected  when  the  population 
of  the  lower  laser  level  is  neglected.  This  calculation  indicated 
that  a  gain  of  197o/<n  would  be  expected  when  the  operating  tempemure 
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Walter  &  S.M.  Jarrett, 
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of  TiBr  was  660 "C.  Absolute  intern ity  measurements  of  the  5350A 

Ti  fluorescenc**  have  indicated  a  maximum  upper  level  population  of 

7-3 

407o  of  the  9  X  '  cm  expected.  This  was  achieved  when  the  T?Br 
temperature  was  jOC’C.  The  Hg  lamp  was  pulsed  on  for  330  ^sec 
periods  at  a  100  cps  rate.  This  excitation  rate  may  just  be  suffi¬ 
cient,  so  attention  was  turned  to  the  problem  of  finding  a  gas  to 
seleciTively  quench  the  T^  metastable  level  (i.e.,  X  in  process  (3) 
above) . 

Ti  Quenching  Gas 

Is  it  possible  co  find  a  quenching  gas  for  the  metastable 

T^  level?  Direct  measurements  have  not  been  reported  in  T^.  Sev- 

eral  quenching  experiments  ,  however,  have  been  performed  in  Hg 

where  the  character  of  the  first  three  levels  is  the  same  as  in  Ti!, 

although  the  relative  spacing  between  the  Hg  levels  is  inverted 

with,  respect  to  the  situation  in  T^.  In  other  words,  the  second 

lev“l,  which  is  metastable  in  both,  is  much  closer  to  the  ground 

level  in  Ti  than  in  Hg  (see  Figure  5).  The  earlier  experiments 

indicated  that  some  gases  preferentially  quench  the  upper  Hg  level 

to  the  i^round  level  (hydrogen,  for  example)  whil .  others  (e.g.  , 

and  CO)  preferentially  quench  the  upper  Hg  level  to  the  meta- 
*  3 

stable  level.  This  demonstrates  that  collisicnal  que  .iing 
can  be  used  to  relax  an  excited  atomic  level  to  a  level  which  is 
not  optically  connected  to  the  first  in  preference  to  an  optically 
connected  level  and  at  a  rate  more  rapid  than  the  allowed  spon¬ 
taneous-emission  rate.  The  situation  in  T£  is  similar  except  that 
che  allowed  transition  is  inverted,  filling  instead  of  euqjtying  the 
level  to  be  quenched.  Thus  it  seems  reasonable  to  expect  that  a 
gas  can  be  found  which  will  selectively  quench  the  T^  metastable 
leve 1. 

An  additional  difference  exists  between  the  situations 

3  3 

in  mercury  and  thallium.  The  spacing  between  che  6  ?,  and  6  P 
levels  in  Hg  is  only  0.2  eV  while  the  spacing  between  the  o  P3/2 

A.C.G.  Mitchell  and  M.W.  Zemansky,  Resonance  Radiation  and  Ex¬ 
cited  Atoms  (Cambridge  Univ.  Press,  Cambridge ,  1934)  p"!  65-66 
and  223-225 . 
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FIGURE  5.  THALLIUM-MERCURY  ENERGY  LEVEI  COMPARISON 
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and  0.97  eV.  Molecules  like  N2  and  CO 

which  selectively  quench  the  Hg  6^P,  level  to  the  me testable 

3  ^ 

6  have  first  vibrational  levels  0.2  eV  above  their  ground  lev- 

els.  No  diatomic  molecule  has  been  found  whose  first  vibrational 

level  is  as  much  as  1  eV  above  its  ground  level.  Hydrogen  is  0.5 

eV.  Therefore,  the  quenching  cannot  be  accomplished  by  means  of 

an  energy  correspondence  with  a  molecular  transition  to  the  first 

vibrational  level. 

Quenching  accomplished  by  a  molecular  transition  to  a 
vibrational  level  h'gher  than  the  first  has  also  been  considered. 

A  number  of  diatomic  tDolecules  were  examined  for  vibrational  lev¬ 
els  close  to  0.97  eV.  Each  mole'^ule  examined  had  higher  vibra¬ 
tional  levels  with  a  closer  onergy  correspondence  with  one  or  both 

2  2  2 
of  the  T£  7  ^3/2  1/2  than  it  did  with  the  Ti  6 

spacing.  Furthermore,  the  manner  in  which  the  transi  tion 
probability  varies  with  the  change  in  vibrational  quantum  number. 
An,  is  involved  as  well  as  the  change  with  energy  defect^  AE.  The 
examination  of  diatomic  vibrational  levels  indicates  that  it  does 
not  appear  possible  to  select  a  diatomic  quenching  molecule  on 
the  basis  of  energy  correspondence  alone.  For  polyatomic  molecules 
the  situation  is  even  more  difficult;  there  are  many  more  levels 
and  less  knowledge  of  the  molecular  constants.  It  appears  that 
only  by  experimentation  will  the  necessary  quenching  gas  be  found. 

There  are  other  conditions  that  the  quenching  gas  must 
satisfy,  and  these  were  used  to  select  the  gases  tried  experimen¬ 
tally.  These  conditions  are  that  the  quenching  gas  must  be  trans- 

O  O 

parent  at  the  puiqiing  and  laser  wavelengths,  1850A  and  5330A,  and 

O 

probably  also  at  2337A.  The  quenching  gas  must  also  not  react 
with  T/Br,  T£,  or  Br.  Simple  nwlecular  gases  that  appear  to  sat¬ 
isfy  these  conditions  are  N2,  CO  and  CO2. 

An  atomic  quenching  gas  is  also  a  possibility;  a  possi¬ 
bility  which  because  of  the  absence  of  band  structure  would  be 
much  less  likely  to  absorb  the  puiiq>ing  or  laser  wavelengths.  Lead, 
iodine,  and  polonium  are  the  three  most  promising  possibilities. 
They  have  low  lying  levels  that  are  within  27,  190,  and  280  cm  ^ 
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respectively  of  the  7793  cm  ^  ^^3/2  ^  level.  The  difficulty  with 

lead  is  its  low-vapor  pressure.  Temperatures  from  1160°C  up  to 
1420 ®C  would  be  required  to  obtain  the  10  to  100  Torr  of  lead  vapor 
"ressure  that  we  believe  is  necessary.  The  present  all-quartz  sys¬ 
tem  cannot  be  used.  Lucalox  (polycrystalline  synthetic  sapphire) 
could  be  used  for  the  inner  tube  containing  the  TiBr.  An  0.5  mm 
thick  tube  would  have  a  total  transmission  (in-line  plus  scattered) 

O 

of  35%  at  1850A.  The  technique  of  fabricating  the  length  and  shape 
of  the  tube  required  has  not  yet  been  acquired  by  the  manufacturer. 
Unfortunately  iodine  would  not  be  any  better.  It  occurs  as  a  dimer 

O  O 

in  the  vapor,  and  I2  absorbs  both  at  1850A  and  5350A.  Tenoperatures 

in  excess  of  those  required  for  lead  would  be  required  to  thermally 

dissociate  I9.  Polonium  is  radioactive.  However,  it  has  a  long- 
^  209 

lived  isotope,  103  year  Po  ,  which  decays  by  alpha  emission  and 
"ould  be  safely  handled  in  the  amounts  required.  Apparently  its 
vapor  consists  both  of  Po  and  1O2  .  It  appears  that  at  the  pres¬ 
sures  cf  Po  needed  (10  to  100  Torr  at  ^700°C  to  900  ®C)  there  will 
be  about  three  times  as  much  P02  vapor.  The  absorption  spectrum  of 
P02  vapor  is  required  to  determine  whether  Po  can  be  used  as  the 
quenching  gas . 

Quantitative  requirements  for  several  of  the  collision 

cross-sections  of  the  quenching  gas  can  be  determined  by  applyir.g 

2 

the  rate  equations  to  the  lower  laser  level  ,  the  6  P'jy'2  level. 
The  result  is 


n 


u 


D 

77 


n 


A  -  +  c  n  f 
ui  u£  u  m 


o  flV  n 

u^  u  q 


(1) 


where  the  subscripts  u,  £,  and  g  represent  the  upper  (7  Sj^^2)  > 
lower  ground  (6^Pj^^2)T^  levels  and  the  subscripts 

m  and  q  represent  the  molecular  species  (Tt!Br)  and  the  quenching 
gas.  Symbol  n  represents  the  particle  density  (cm  '')  ,  A^j  is  tne 
spontaneous  radiative  transition  probability  from  level  i  to  level 
j,  is  the  cross-section  for  the  quenching  of  a  T£  atom  in 


D.R.  Stull  and  G.C.  Sinke,  Thermodynamic  Properties  of  the  Elements, 
Advances  in  Chemistry,  Series  18  (Am.  Chem.  Soc. ,  Washington,  D.C, 
1956)  p.  154. 
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level  i  to  level  j  caused  by  a  collision  witl.  the  quenching  gas, 


’ij 


is  a  similar  cross-section  caused  by  a  collision  with  the 


molecular  TiBr  species,  v.  is  the  square  root  of  the  sum  of  the 
squares  of  the  mean  velocity  of  the  atom  in  the  i^"  lev'll  and  the 
mean  velocity  of  t*^  a  quenching  gas,  vl  is  a  simil^ir  rms  velocity 
where  the  molecular  T^Br  species  has  replaced  the  quenching  gas, 

D  is  the  diffusion  constant,  and  a  is  the  radius  of  the  tube. 

A  necessary  condition  for  a  laser  is  that  ri,,/n^  >  1. 


u 


This  imposes  the  following  conditions  on  the  quenching  gas.  First 
o^g  >  0^^.  A  quenching  gas  must  be  found  that  has  a  higher  cross- 
section  to  quench  the  lower  ^^^2/2  level  to  the  ground 
level  than  it  does  to  quench  the  upper  level  to  the  lower 


6^P 


2^2  level.  Quenching  of  the  upper  to  the  ground  level  will  not 

affect  the  population  inversion.  It  will  only  reduce  the  effi- 

-17  2 

ciency  of  the  laser.  Second,  o^g  >  5  x  10  cm  .  Under  the  best 

conditions  A  „  will  r'*edominate  over  the  other  terms  in  the  denomi- 

nator  of  Eq.  (1) ,  and  o^gV^n^  will  predominate  in  the  numerator.  Then 

o^g  >  ^  reasonable  maximum  pressure  of  the  quenching 

gas,  1  atmosphere,  we  find  that  the  cross-section  to  quench  the 

-17 

lower  Ti  level  to  the  ground  level  must  be  greater  than  5  x  10 
2 

cm  .  Although  this  is  a  sizeable  cross-section,  the  quenching 

'ic 

cross-sections  that  have  been  measured  for  have  indicated  that 
-14  2 

o  +  0  ^10  cm 

u£  ug 


why  sime  gases  should  not  have  a^g  > 


As  discussed  above,  there  is  no  reason 

The  orbital  angular 
momenta  of  the  two  levels  are  favorable;  that  is,  the  lower  is  a 
P  state  while  the  upper  is  an  S  state.  Therefore  there  seems  to 
be  no  fundamental  reason  why  we  should  not  be  able  to  find  a  quench 
ing  gas  to  selectively  quench  the  lower  T^  level. 


Experimental  Results 

The  upper  and  lower  T^  level  densities,  n^  and  n,,  were 
measured  as  a  function  of  T2Br  pressure.  An  absolute  intensity 

Q 

measurement  of  the  5350A  fluorescence  gave  an  approximate  value 

O 

of  n  .  The  absorption  of  5350A  fluorescence  radiated  from  a  first 
photodissociative  tube  into  a  second  photodissocis '■.ive  tube,  iden¬ 
tical  in  every  respect  with  the  first,  was  used  to  determine  n,. 


A.C.G.  Mitchell  and  M.W.  Zemansky,  op.  cit,  p. 
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This  is  the  method  of  Ladenburg  and  Reiche  .  The  value  of  n.  was 
used  to  correct  the  absolute  intensity  measurement  of  n^. 

For  these  experiments  the  Hg  pumping  lamps  were  operated 
on  dc.  The  solid  angle  of  the  detected  fluorescence  was  restricted 
so  that  radiation  from  the  tube  walls  would  not  be  collected.  The 
results  of  these  experiments  are  dhown  in  Figure  6  and  Figure  7. 

The  experimental  curve  in  Figure  7  does  have  the  T^Br  pressure  (n^) 


dependence  indicated  by  Eq.  (1)  (n  =  0  here).  The  asymntotic 

"  —  —  3 

value  of  n^/n^  at  high  pressures,  is  5  x  10  .  Since 

v*/v  =0.8,  it  follows  that  ^ 


10 


-2 


^10‘ 


Estimates  of 


5  X 


cm  and  o..  e  ^  5  x  10  were  obtained  from  the  asy^^)totes  and 


^ui 


Terenin  and  Prileshojewa' s  value  of  o'  *  +  o 


The  latter  is  in  reasonable  agreement  wltl. 


the  value  at  0.9  Torr. 

=  2.0  X  10“^^  cm" 

2  ug 

for  Til  quenching  the  Ti  7  ^2  The  surprising  fact  is  that 

the  TiBr  cross-section  for  quenching  the  upper  Ti  level 

100  times  larger  than  that  for  the  lower  (0^3/2^ ' 

With  3.5  Torr  of  TiBr  in  the  photodissociative  tube,  pres¬ 
sures  up  to  135  Torr  of  xenon  were  added.  The  addition  of  xenon 
increased  by  no  more  than  a  factor  of  3.  The  addition  of  N2 

or  CO2  did  not  increase  to  1.  These  discouraging  results  seem 

to  indicate  that  it  may  be  impossible  to  find  a  gas  which  selec- 

2 

tively  quenches  the  T?  6  ^2/2 

The  method  of  Ladenburg  and  Reiche  as  described  in  Mitchel 
and  Zemansky  and  used  in  the  experimental  work  just  discussed, 
presupposes  that  the  transition  consists  of  a  single  component  with 
a  Doppler  line  shape.  As  indicated  in  Figure  8  the  structure  of  the 

O 

TiJ  5350A  line  is  con^lex.  Moreover  above  a  few  Torr,  pressure 
broadening  effects  should  be  taken  into  consideration.  It  is  possible 
to  account  for  these  effects  by  modifying  the  absorption  coefficient 
in  the  integral  expression  for  the  "line  absorption."  However,  to 
improve  the  accuracy  of  the  measurement,  a  different  approach  is 
suggested;  namely,  to  measure  n^-n^  directly  by  utilizing  a  scanning 


Ibid, 
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Ibid, 

P. 
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FIGURE  6.  UPPER  (7'^S,  .,)  LOWIR  (6^3/7)  THALLIUM  LEVEL  POPULATION 

DENSITIES  A§  A  FUNCTION  OF  THALLIUM  BROMIDE  VAPOR  PRESSURE 


FIGURE  /.  RATIO  OF  THE  UPPER  TO  THE  LOWER  THALLIUM  LEVEL 
POPULATION  DENSITIES  AS  A  FUNCTION  OF  THALLIUM 
BROMIDE  VAPOR  PRESSURE. 
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205 

Fabry-Perot  interferometer  and  separated  T  isotope  to 

examine  the  line  shape  of  component  A  (Figure  8)  and  compute 
/k^dv.  This  measurement  will  probably  not  lead  to  the  dis- 
covery  of  a  quenching  gas  for  T?,  but  it  would  yield  more  ac¬ 
curate  values  of  the  various  quenching  cross-sections.  Know¬ 
ledge  of  these  quenching  cross-sections  could  provide  a  better 
understanding  of  several  laser  mechanisms  including  the  colli¬ 
sion  laser. 

Future  Work 

During  the  second  half  of  this  contract,  the  possi¬ 
bilities  of  a  photodissociation  laser  in  the  cesium  halides 
will  be  re-examined,  A  quenching  gas  is  net  required  here. 


^ -  - 

P.  Jacquinot,  in  Reports  on  Progress  in  Physics,  Vol.  23, 
A.C.  Strickland,  eo!  (The  Physical  S^iety,  London,  I960) 
p.  267. 
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5.  THERMO- OPTICAL  EFFECTS  IN  SOLID-STATE  LASER  MEDIA 


Solid-state  lasers,  ^ articular ly  ruby  and  glass;  Nd,  are 
capable  of  high  peak  power  and  high  energy  operation.  Howev--.r, 
the  output  radiance  of  these  devices  falls  far  short  of  the  theo- 
■^etical  limits.  An  alternative  way  of  expressing  this  result  is 
that  the  output  beam  angles  are  approximately  two  orders  of  magni¬ 
tude  greater  than  tb,'  diffraction  limit.  Primary  effort  during  this 
reporting  period  has  been  devoted  to  a  fundamental  study  of  those 
physical  parameters  which  are  instrumental  in  determining  the  spa¬ 
tial  coherence  of  solid-state  lasers. 

The  output  radiance  of  solid-state  lasers  is  strongly 
influenced  by  the  optical  quality  of  the  host  materials.  Thus 
much  effort  in  the  past  has  been  devoted  to  obtaining  high  optical 
quality  laser  rods.  Particular  success  has  been  obtained  with 
glass  where  the  static  optical  quality  is  nearly  perfect.  However, 
as  a  result  of  flashlan^  pumping,  thermal  gradients  are  introduced 
into  the  rods,  and  these  in  turn  give  rise  to  thermo -optical  effects 

Using  a  Mach-Zehnder  interferometer,  time  resolved  inter- 
ferograms  were  obtained  during  the  pumping  pulse.  These  interfero- 
jrams  were  interpreted  in  terms  of  distortions  of  the  optical  path 
of  the  lasers  under  investigation.  For  both  ruby  and  glass  rods, 
distortions  on  the  order  of  six  wavelengths  for  a  15  cm  rod  were 
observed  in  the  phase  front  of  a  plane  wave  propagating  through  the 
rods.  One  of  the  most  significant  aspects  of  this  result  is  that 
the  patterns  were  found  to  be  repeatable  from  shot-to-shot ,  thus 
ia^lying  thj  possible  use  of  optical  correction.  A  detailed  descrip 
tion  of  the  experimental  procedure  and  results  is  contained  in  a 
paper  submitted  for  publication.  A  copy  of  this  paper  is  included 
as  Appendix  A. 
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6.  LASER  PUMPING  LASER 


The  purpose  of  this  experiment  is  to  investigate  the 
utility  of  using  a  laser  as  a  punq)ing  source  for  a  second  laser. 

The  basic  idea  is  to  reduce  the  heating  of  the  laser  medium 
usually  associated  with  flashlaup  pumping.  Thus,  the  pumping  laser 
represents  a  narrow  band  source,  which  since  it  is  sufficiently 
close  to  the  laser  transition  being  pumped,  will  introduce  negli¬ 
gible  heating.  The  optical  properties  of  the  laser  medium  pumped  in 
this  fashion  should  therefore  remain  essentially  constant. 

The  particular  system  chosen  for  this  investigation 
utilizes  two  ruby  lasers,  the  punning  laser  oscillating  i;  the  R2 
line  and  the  punped  laser  oscillating  in  the  R^^  line.  The  physical 
arrangement  is  illustrated  in  Figure  9. 

The  first  stage  laser  produces  an  R2-beam  which  is  ab¬ 
sorbed  in  the  second  stage  ruby.  As  a  result  of  this  absorption 
the  ^E(2X)  level  is  populated  (Figure  10) .  The  ^E(2S)  level  couples 
rapidly  by  means  of  lattice  vibrations  to  the  ECE)  level.  Since 
the  lattice  vibrations  correspond  to  the  crystal  temperature, 
the  populationi  of  the  levels  E(2A)  and  '*£(£)  assume  a  Boltzmann 
distribution  at  this  temperature.  For  high  pump  intensity,  the 
levels  ^Pi2  and  ^E(7f)  will  approach  equal  populations.  For  suf¬ 
ficiently  low  ruby  temperatures,  the  near  equalization  between  the 

2  — • 

ground  and  the  E(2A)  level,  together  with  the  Boltzmann  distribu- 

2 

tion  between  the  2E(2^  and  E(¥)  levels,  results  in  a  population 

2  _ 

inversion  between  E(E)  and  the  ground  level.  Thus  laser  action 
can  occur  in  the  line.  Since  the  ruby  levels  shift  with  tem¬ 
perature,  both  the  first  and  second  stage  laser  have  to  be  kept  at 
the  same  temperature. 

The  population  inversion  for  the  R^  line  in  the  second 
stage  laser  increases  with  the  punq)  intensity  and  with  the  inverse 
of  the  temperature. 
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Figure  9,  Optical  Schematic  of  Two-Stage  Laser 
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Experimental  Design 

The  first  stage  laser  uses  a  1.5  cm  diameter  by  6  inch 
long  cylindrical  ruby  which  is  pumped  by  two  EGG-FX47  flashlanqss 
in  a  pumping  enclosure  of  double  cylindrical  geometry.  Multilayer 
reflectors  of  100%  and  60%  reflectivity  represent  the  optical  reso¬ 
nator.  The  R2  operation  of  the  first  stage  laser  is  achieved  with 
the  help  of  a  Lyot-Oahman  filter  consisting  of  a  polarizer,  phase 
plate  and  the  100%  mirror.  The  phase  plate  is  a  single  quartz 
crystal  whose  thickness,  d  =  9.5  mm,  was  chosen  such  that  it  re¬ 
presents  a  A/4  wave  plate  for  the  Rj^-line  and  a  A/2  wave  plate 
for  the  1(2  line. 

The  optical  axis  of  the  quartz  forms  a  45°  angle  with 
the  electrical  field  of  the  light  passing  through  the  polarizer. 

The  Lyot-Oehman  filter  has  a  spectral  transmission  characteristic 
of  alternating  stop  and  pass  bands.  The  transmission  T  is  equal 
to 

T  =  cos^  (7r(An/A)  d)  . 

The  thickness  d  is  chosen  such  that 

T  =  T^  for  7r(And/Aj^)  =  (2N+1)  j  (A) 

T  =  T2  tor  7r(/^,nd/A2)  =  Nt  (B) 


where  An  =  n^-n^ 

Af  =  Rf  wavelength 
^2  ~  ^2  '^^ve length 

Tj^  and  T2  are  the  ‘■ransmissions  for  the  R^  and  R2  lines. 

Obtaining  the  value  of  d  from  these  equations,  one  finds  d  =  9.5  cm. 
This  result  is  insensitive  to  ruby  crystal  temperature  changes. 

To  tune  in  exactly  for  condition  A,  the  phase  plate  was 
rotated  lightly  around  its  optical  axis  thus  changing  the  effec¬ 
tive  thickness  of  the  phas^•  plate.  The  faces  of  the  first  stage 
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ruby  were  siiti-ref lection  coated  to  prevent  any  oscillation  between 
one  of  the  faces  and  che  output  mirror  x^?hich  would  naturally  take 
place  in  the  line. 

It  is  desirable  to  cool  the  second  stage  crystal  to  as 
low  a  teinperature  as  possible.  However,  since  the  first  stage 
crystal  must  be  at  the  same  temperature,  there  are  some  limitations 
to  be  observed. 


(1)  Since  the  gain  of  the  ruby  laser  increases  with  the 
decreasing  temperature,  it  is  necessary  to  set  a 
lower  limit  to  the  temperature  of  the  crystal  in 
order  to  prevent  an  excessive  amplification  of  spon¬ 
taneous  emission  which  would  tend  to  depopulate  the 
upper  laser  level. 


(2) 


Another  limitation  is  defined  by  the  performance  of 
the  filter.  For  R2-laser  operation,  two  conditions 
have  to  be  fulfilled: 


=  filter  transmission  at  the  frequency 
T2  =  filter  transmission  at  the  R2  frequency 
=  gain  coefficient  for  R^^  radiation 
02  =  gain  coefficient  for  R2  radiation 
R  =  reflectivity  of  the  output  mirror 
i  =  crystal  length. 

Table  1  shows  ^  function  of  temperature.  From 

that  table  we  can  see  that  the  filter  contrast 
crease  with  decreasing  temperature. 
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The  first  stage  laser  delivers  an  R2  laser  beam  which  is 
sent  through  a  demagnifying  telescope  in  order  to  increase  its 
energy  density.  As  is  discussed  in  more  detail  in  Appendix  B,  an 
energy  density  of  at  least  4  joules/cm  is  required  for  sufficient 
pumping  of  the  second  stage  laser  rod  at  dry  ice  temperatures. 

The  set  up  is  shown  in  Figure  9.  The  vertically  polar¬ 
ized  R2  light  passes  through  a  Gian  polarizer  and  enters  a  quartz 
phase  plate  which  constitutes  a  full  wave  plate  for  the  R2  line 
and  a  half  wave  plate  for  the  Rj^  beam.  Therefore,  the  R2  beam 
leaves  the  phase  plate  with  the  same  vertical  polarization  with 
which  it  entered  the  plate. 

The  second  stage  laser  oscillates  in  the  R^  line.  The 
second  stage  ruby  is  a  60  degree  rod,  i.e.,  the  c-axis  forms  an 
angle  of  60®  with  the  cylinder  axis.  Tt  is,  therefore,  necessary 
that  the  Rj^  as  well  as  the  light  beams  are  polarized  normal  to 
the  plane  defined  by  the  c-axis  and  cylinder  axis. 

A  vertically  polarized  R,^  beam  emerges  from  the  second 
stage  ruby  rod,  enters  the  phase  plate  and  leaves  it  horizontally 
polarized.  In  the  Gian  Prism,  the  horizontally  polarized  Rj^  beam 
is  reflected  off  the  interface,  leaves  the  prism  at  an  angle  of 
117®  to  the  system  axis  and  intercepts  the  output  mirror.  It  is 
returned  back  through  the  prism  and  phase  plate  and  re-enters  the 
crystal  with  the  correct  polarization. 

Future  Work 

The  necessary  optical,  mechanical,  and  electrical  com¬ 
ponents  are  under  construction.  The  entire  apparatus  will  be  placed 
in  a  dry  box  to  prevent  frosting.  Cooling  will  be  provided  by  cold 
nitrogen  gas  flowing  over  the  crystals.  It  is  planned  tc  operate 
and  optimize  the  performance  of  the  first  strge  R2  laser  before  us¬ 
ing  it  as  a  puasp  source  for  the  R^  laser. 
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DYNAMIC  OPTICAL  PATH  DISTORTIONS  IN  LASER  RODS* 

by 


S.  D.  Sims 
A.  Stein 
C.  Roth 


INTRODUCTION 

All  of  the  In^otLant  output  characteristics  of  a  laser 
can  be  determined  from  a  knowledge  of  the  phase  and  amplitude 
distribution  of  the  field  across  the  exit  aperture.  This  dis¬ 
tribution  is  dependent  upon  many  factors  involving  the  components 
and  geometry  of  the  laser  system.  The  optical  quali'-y  of  the  com¬ 
ponents  within  the  laser  resonator  is  certainly  an  inqportant  fac¬ 
tor.  In  solid  state  devices,  the  laser  rod  itself  should  be  of 
the  highest  possible  optical  quality  in  order  to  obtain  the  roost 
optinaum  output  characteristics.  Much  recent  effort  has  been 
devoted  to  the  problem  of  obtaining  such  rods,  either  crystals 
or  glass.  Since  high  energy  and/or  high  power  devices  are  of 
interest,  most  of  the  work  has  been  devoted  to  obtaining  improved 
quality  ruby  crystals  or  improved  glass  laser  material  doped  with 
Neodymium.  It  is  these  materials  which  were  treated  in  the  ex¬ 
periments  reported  here. 

The  terra  "optical  quality"  is  somewhat  vague,  and  so  it 
is  useful  to  point  out  here  just  what  optical  properties  o*  _he 
material  are  important  for  lasers.  Generally  speaking,  the  ex¬ 
pression  is  used  to  denote  two  broad  areas; 

— - - 

The  work  described  in  this  article  was  supported  by  project 
Defender,  sponsored  by  Advanced  Research  Agency  Department  of 
Defense  and  technically  monitored  by  the  Air  Force  Office  of 
Scientific  Research  under  Contract  AF49 (638) -1535  and  by  the 
Office  of  Naval  Research  under  Contract  Nonr-3833(00) , 
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a)  Those  material  parameters  which  contribute  to 

an  attenuation  of  a  light  beam,  such  as  the  den> 
slty  of  scattering  or  absorbing  centers;  and 

b)  Variations  of  the  refractive  Index  which  lead 
to  wavefront  distortions  of  a  transmitted  beam. 

Although  excellent  quality  rods  have  been  fabricated,  these  rods 
do  not  maintain  their  quality  when  subjected  to  the  Intense  pua^ 
light  used  in  high  power  lasers.  The  distortions  are  Introduced 
as  a  result  of  the  existence  of  thermal  gradients  which  evolve 
during  the  puiq>lng  pulse.  The  thermal  gradients  and  resultant 
optical  distortion  may  actually  increase  after  the  end  of  the 
pumping  pulse  as  a  result  of  the  cooling  process.  Mne  magnitude 
and  time  scales  of  the  thermal  gradients  are  of  course  related 
to  material  parameters.  Since  laser  action  only  occurs  during 
the  pushing  pulse  (or  shortly  thereafter  in  the  c^se  of:  Q-swltch> 
Ing)  the  main  Interest  Is  centered  around  the  time  Interval  of 
the  pua9>lng  pulse.  However,  due  to  the  cumulative  nature  of  the 
gradients,  there  may  be  some  Interest  in  times  long  con^>ared  to 
the  puoqjlng  pulse  for  high  repetition  rate  systems. 


EXPERIMENTAL  DESCRIPTION 


Fringe  Patterns 

Standard  procedures  for  measurement  of  optical  distor¬ 
tion  make  use  of  Interferometric  techniques.  A  Mach-Zehnder  inter¬ 


ferometer  (M-Z)  was  chosen  for  this  application  since  it  allows 
measurement  of  single  pass  properties.  Thus  the  laser  rod  under  in¬ 


vestigation  is  inserted  in  one  arm  of  the  M-Z  v;hile  the  other  arm  is 
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an  air  path.  Then  a  plane  wave  entering  the  rod  undergoes  dis¬ 
tortions  in  the  rod  such  that  the  surface  of  constant  phase  is 
no  longer  a  plane,  but  a  curved  surface.  The  curvature  of  this 
surface  is  indicated  by  changes  in  the  fringe  pattern  which 
occur  when  the  sample  beam  is  recombined  with  the  reference 
beam.  Since  this  pattern  will  be  changing  in  time,  it  is  neces¬ 
sary  to  8aaq}le  the  pattern  in  order  to  obtain  time  resolved  in¬ 
formation. 

In  these  experiments,  a  Q-switched  laser  was  used  as 
the  Interferometer  illumination  source.  Since  the  output  of  this 
laser  is  a  30  nanosecond  pulse,  the  resultant  inter ferograms  were 
resolved  to  30  nanoseconds.  The  electronic  circuitry  was  such 
that  the  time  of  occurrence  of  the  probe  pulse  could  be  adjusted 
to  occur  at  any  desired  time  with  respect  to  the  initiation  of 
punning  of  the  test  rod.  Time  resolved  interferograms  were  ob¬ 
tained  for  two  cases : 

A)  The  sample  was  a  Nd  -  glass  rod.  For  this  case 
a  Q-switched  ruby  laser  wa^  used  as  the  probe. 

B)  The  sample  was  a  ruby  rod.  For  this  case  a  Q- 
switched  Nd  -  glass  laser  was  used  as  the  prcbe. 

The  wavelength  of  the  probe  light  differs  significantly  from  the 
laser  wavelength  of  the  sample  in  either  case,  and  hence  the 
regions  of  anomolous  dispersion  are  avoided. 

The  experimental  setup  is  schematically  illustrated  in 

Figure  1. 

Case  A: 

The  light  source  is  a  0-switched  ruby  laser.  It  pro¬ 


vides  a  single,  linearly  polarized,  0.3  joule  pulse  of  30 
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nsec  duration,  subsequently  referred  to  as  the  "probe  light." 

The  probe  light  Is  reflected  off  a  Schott  UG-8  glass  plate  close 
to  Brewster's  angle  In  order  to  achieve  appropriate  attenuation. 

It  then  passes  through  a  telescope  of  magnification  M=4  and  enters 
the  M-2,  where  it  Is  split  Into  two  parts  of  equal  intensity  at 
the  semi -re  flee  ting  surface  A^.  The  two  beams  a:’e  then  reflected 
off  the  mirrors  M2,  and  recombined  at  the  semi -re flee ting  sur¬ 
face  A2*  The  beam  splitters,  D^,  D2  are  adjusted  such  that  the 
second  surfaces  and  B2  are  at  Brewster's  angle  for  the  probe 
light,  thus  eliminating  second  surface  reflection.  If  all  re¬ 
flecting  surfaces  are  exactly  parallel,  a  plane  wave  going  through 
the  M-Z  would  give  fringes  at  infinity. 

In  general  however,  the  wave  fronts  of  the  two  beams 
are  mutually  inclined  and  the  light  forms  fringes  parallel  to 
their  intersection.  By  adjusting  M2,  or  D2  one  can  change 
the  fringe-density.  It  is  these  fringes  that  are  used  in  the 
examination  of  the  laser  rod  samples. 

A  Corning  Code  0850  Nd-glass  rod  of  15  cm  length  and 
1.5  cm  diameter  was  placed  in  one  arm  of  the  M-Z.  This  crystal 
was  mounted  in  a  laser  head,  consisting  of  two  EGG-FX47A  flash- 
laDq>s  and  a  focusing  reflector  of  double  cylindrical  geometry. 

The  flashlamps  were  driven  by  a  PFH  which  delivered  7000  Joules 
into  the  laops  during  a  2.3  msec  long  pulse. 

As  was  described  above,  the  optical  pathlength  of  the 
san^le  will  undergo  changes  during  and  after  the  flashlamp  pulse 
due  to  heating  of  the  sample.  This  results  in  a  change  of  the 
interferogram  obtained  with  the  M-Z  » 
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The  beaai  divergence  of  the  light  source  was  3  x  10  rad  corre¬ 
sponding  to  an  area  of  coherence  in  the  beam  cross  section  of  .2 
mm  diameter.  The  telescope  increased  the  coherence  area  in  the 
beam  cross  section  to  0.8  mm  in  diameter.  Therefore,  one  could 
allow  shear  on  the  order  of  1/10  mm  between  the  two  beams  in  the 
M-Z  without  extinguishing  the  fringe  visibility. 

The  telescope  had  the  additional  advantage  of  beam  ex¬ 
pansion,  thus  allowing  complete  filling  of  the  glass  rod  aperture. 
Case  3: 

The  light  source  is  a  Q-switched  Nd-glass  laser  which 
provides  an  0.3  joule  pulse  of  30  nsec  duration,  the  probe  light. 
This  time  the  probe  light  was  reflected  off  a  dielectric  coated 
Quartz  flat  near  Brewster's  angle  such  that  almost  linear  polari¬ 
zation  of  the  probe  light  was  obtained.  The  M-Z  was  used  in  the 
same  setup  as  for  Case  A.  The  limited  temporal  coherence  of  the 

Q-switched  Neodymium  glass  laser  can  be  described  in  terms  of  a 

- 12 

coherence  time  t  =  3  x  10  sec  corresponding  to  a  linewidth  of 

O 

100  A  and  a  coherence  length  in  the  longitudinal  direction  of 
O.l  mm.  The  optical  axis  of  the  ruby  was  at  60*  to  the  cylinder 
axis  and  the  polarization  of  the  probe  was  normal  to  the  optical 
axis,  so  that  the  polarization  was  the  same  as  that  of  an  oscil¬ 
lating  crystal.  The  ruby  crystal  rod  of  15  cm  length  and  1.5 
diameter  introduced  an  additional  optical  path  length  of  over 
11  cm  which  had  to  be  balanced  by  inserting  an  adjustable  com- 
pensator  in  the  other  arm.  The  inter feromgrams  obtained  at 
different  time  instances  during  the  pumping  pulse  were  photographed 
with  Kodak  IR-  film  plates. 

i - - 

To  be  published  in  Journal  of  Appl.  Opt. 


The  series  of  inter ferograms  obtained  In  Cases  A  and  B 
are  shovn  In  Figures  2A  and  2B. 

Fringe  Counting 

The  Inter ferograms  described  above  show  only  the  rela¬ 
tive  change  In  optical  path  length  across  the  aperture.  In  order 
to  determine  the  absolute  change  In  optical  path  length,  a  fringe 
counting  experiment  was  performed.  The  experimental  arrangement 
Is  lllustra*''»d  In  Figure  3.  The  light  source  Is  a  He-Ne  gas  laser. 
The  telescope  expands  the  beam  so  that  It  fills  the  saicple  aper¬ 
ture.  After  passing  the  M-Z  with  the  Inserted  san^^le  the  light 
beam  forms  a  fringe  structure  which  Is  Interct^pted  by  a  beam¬ 
splitter  BS.  The  two  fringe  pattern  F^^  and  F2  are  Intercepted 
by  screens  with  1  mm  pinholes.  One  pinhole  Is  located  In  the 
center  of  the  fringe  pattern, the  other  at  the  edge  of  the  pattern. 

0 

Behind  the  pinholes  are  RCA  6342A  photomultipliers  with  narrow- 

0 

band  transmission  Interference  filters  centered  at  6328A.  The 
photomultiplier  outputs  are  displayed  on  a  Tektronix  355  oscillo¬ 
scope  and  photographed  with  a  scope  camera  (Figure  4) . 

Discussion  OF  RESULTS 

The  series  of  Interferogram  In  Figures  2A  and  25  show 
the  development  of  a  whirlpool  fringe  structure  with  the  center 
on  the  right  hand  side.  These  fringes  are  the  geometrical  loci 
of  constant  optical  path  lengths.  The  fringe  patterns  are  some¬ 
what  confusing  since  a  bias  Is  Introduced  by  the  Initial  tilt  of 
the  M-Z  Interferometer.  A  mapping  can  be  performed  to  translate 
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the  fringe  str’icture  intr  r.he  shaps  of  a  rurface  of  constant 
phase  by  removing  the  bias.  This  surface  then  represents  the 
distortion  cf  a  plane  wave.  A  cut  is  taken  through  the  region 
of  maximum  distortion  and  the  resulting  path  length  in  the  plav.e 
of  the  cut  is  plotted  in  Figure  5.  Curve  A  is  a  plot  of  the  raw 
data,  B  is  the  bias,  and  C  represents  the  shape  of  the  wavefront. 
The  curves  of  Figure  5  ?re  for  the  glass  rod  ct  time  T  =  2.4  ms. 

A  similar  plot  for  the  case  of  ruby  is  presented  in  Figure  6. 

As  can  be  seen  fron  Figures  5  and  6,  the  distortion  of  the  optical 
path  is  lens-like  and  represents  the  single  pass  variation  across 
the  aperture  of  aii  initially  plane  wave. 

Thvr  inter ferograms  ietermine  only  the  relative  changes 
in  path  length.  Moreover,  they  provide  no  information  as  to 
whether  the  surface  of  constant  phase  is  concave  or  convex.  In 
order  to  determine  this  additional  information,  the  fringe  count¬ 
ing  experiment  described  above  was  performed.  It  is  reasonable 
to  assume  that  heating  of  a  rod  will  lead  to  a  net  increase  in 
optical  path  length.  The  oscilloscope  traces  of  Figure  4  show 
that  during  the  pun^iing  pulse,  the  edge  of  the  aperture  undergoes 
a  greater  expansion  than  the  center.  Thus  the  optical  path  is 
actually  concave,  and  the  rod  will  behave  ike  a  negative  lens. 

The  implication  is  that  the  heat  deposition  is  such  that  it  leads 
to  higher  teo^eratures  at  the  outer  edge  of  the  tods.  The  shape 
of  the  curves  of  Figures  5  end  4  took  this  result  into  account. 

The  bulk  terrperature  rise  of  the  laser  rods  can  be  cal¬ 
culated  from  the  results  of  the  fringe  counting  experiments.  For 
e  laser  ro  of  lensth,  s ,  and  index  of  refraction,  n,  inserted  in 
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an  arm  of  the  interferometer  of  length,  L,  the  net  optical  path 
length,  P,  of  the  interferometer  arm  can  be  written  as 

P  =  ns  +  (L-1)  =  (n-1)  8  +  L. 

The  corresponding  change  of  path  length  with  Leaq>erature  is  then, 

AP  <^8  j.  -dn 

^  fi  H  n 

where  *3^  *  ^  ~  expansion  coefficient  and  ^  «  index 

variation  with  teuq}erature.  Thus 

*  T - - - 3i| 

8|(n-l)  a  +  ^ 

For  the  glass  laser  rod 

8  =  15  cm 
n  =  1.533 
=  .2  X  10“^/*C 
a  =  10“^/"C 

and  fro'n  Figure  4A 

AP  =  10?v  =  7  X  10”^  cm 
.  • .  AT(glass)  -  6.4*C 

For  the  ruby  rod, 

s  =  15  cm 
n  =  1.76 

^  =  1. 1  X  10"^/*C 
a  =  .5  X  10"^/*C 
AT  =  32>  =  33.9  X  10  ^  cm 

and 


AT(rub>)  -  15.3*C. 
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These  results  are  in  agreement  with  Independent  thermocouple 
meaiurements  of  the  bulk  teiiq>erature  rise.  The  magnitude  of 
the  thermal  gradients  cannot  be  inferred  from  the  wavefront  dis¬ 
tortion  since,  due  to  the  existence  of  internal  stresses,  the 
expansion  is  not  uniform  along  the  rod  length. 

CONCLUSIONS 

From  the  results  of  the  above  experiments ,  it  is 
clear  that  significant  thermal  distortions  are  introduced  dur- 
ixig  the  pumping  cycle,  A  Q-switched  laser  is  a  highly  effective 
interferometer  illumination  source  in  cases  where  high  time  reso¬ 
lution  is  desired.  One  of  the  side  benefits  accruing  ♦^rom  the 
use  of  such  a  technique  is  the  observation  that  the  results  are 
highly  reproducible  from  shot  to  shot.  Thus  optical  correction 
can  be  employed  to  improve  resonator  performance  at  any  desired 
time.  This  is  particularly  useful  in  the  case  of  Q-switchlng 
where  the  resonator  characteristics  need  only  be  good  during  the 
development  of  the  output  pulse.  Even  for  a  normal  pulse  occurr- 
ii\g  over  a  time  interval  of  milliseconds,  correction  may  be  used 
to  improve  the  time  averaged  resonator  characteristics.  The 
correct  optical  figure  for  a  coapensating  plate  can  be  computed 
directly  from  the  inter ferograras. 

The  authors  would  like  to  thank  Mr.  T.  Shultz  and 
Dr.  R.  T.  Daly  for  many  interesting  and  helpful  discussions. 
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FIGURE  2A  GLASS  LASER  ROD  INTERFEROGRAJvlS  AT  DIFFERFT^T  TIMES 
Note:  t  =  0  corresponds  to  start  of  pump  pulse 


^OTE  ;  f  *  0  CORRESPONDS  TO  START  OF  PUMP  PULSE 
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FRINGE  COUNTING  EXPERIMENT 
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Figure  4a.  Change  in  Path  Lengths  at  Center  and  Edge  of 
Glass  Rod  During  Pumping 


C 


PUMPCYCLE 


ONE  SPIKE  CORRESPONDS  TO  AP=X 


Figure  4b.  Change  in  Path  Length  at  Center  of  Ruby  Rod 


FIGURE  6.  MAPPING  OF  FRINGE  PATTERN  ACROSS  APERTURE  OF  RUBY  ROD 


B-1. 


APPENDIX  B 

END  PUMPING  OF  AN  RUBY  IJ^SER  BY  AN  R2  RUBY  LASER 

This  appendix  considers  the  problem  of  pumping  a  ruby 
laser  through  the  R2  line  by  irradiating  the  end  of  a  ruby  rod 
with  the  output  of  another  ruby  laser  oscillating  in  the  R2  line. 
A  schematic  of  the  arrangement  is  shown  in  Fig.  1. 


Figure  1. 


In  order  to  simplify  the  analysis,  the  problem  is  approached 
for  the  case  of  no  oscillation  in  the  Rj^  laser.  Thus  no  clamping 
of  the  gain  of  this  laser  is  provided  due  to  the  existence  of  an 
oscillation  threshold.  The  population  in  the  Rj^  laser  will  be 
functions  of  position  and  time.  The  situation  is  depicted  in 
Fig.  2. 


Here,  the  pumping  rate  at  the  end  of  the  rod  is  P(o)  and  is  assumed 
constant  in  time  and  uniform  over  the  cross-section  of  the  rod. 

At  a  distance  x  down  the  rod,  the  pumping  rate  is  P(x,t),  i.e.,  it 
is  a  function  of  position  and  time. 
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Figure  3. 

A  simplified  energy  level  diagram  is  shown  in  Fig.  1, 
where  the  N's  represent  the  populations  of  the  states  and  the  ground 
state  splitting  is  ignored.  The  pumping  equation  for  an  R2  pump 
can  then  be  written  as 


N^(x,t)  N«(x,t)l 


where 


dN«(x,t)  N^(x,t)  N. 

-V-  ■  - ! 

+  AN^(x,t)  +  AN2(x,2) 

g^  “  degeneracy  of  the  i^^  state 
A  “  Einstein  coefficient 


(i  “  0,1,2) 


The  pumping  rate  P(x,t)  can  be  related  to  the  power  flux  I(x,t)  by 

I(x, t)a«, 

*  — hTp-  (2) 


where  I(x,t)  *  power  flux  (watts/cm'^) 

*^02  *  absorption  cross-section  for  the  R2  line 
hv2  “  energy  of  an  R2  line  phcton 


B 


■3 


An  equation  governing  the  x  dependence  of  I(x,t)  and  can  now  be 
written  as 


H 


X.t) 


^02  So 


NQ(x,t)  N2(x,t) 


g. 


82 


I(x,t)  , 


or  in  terms  of  P(x,t) 


dP(x.t)  ,  „  ,  [V^  _  NpU.t) 


dx 


°02  1  g. 
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P(x,t) 


The  absorption  coefficient  aQ2(x,t)  is  now  defined  as 


NQ(x,t)  N^(x,t)\ 


0' 


02  ®o  g. 


g. 


Using  this  definition,  Eq.  (4)  can  be  rewritten  as 


dP 


=  aQ2(x,t)  P(x,t) 


It  is  of  course  clear  that  for  the  situation  under  discussion 


(3) 


(4) 


(5) 


(6) 


ao2  <  0 

It  is  assumed  that  thertnalization  betv?een  levels  1  and  2  occurs 
sufficiently  rapidly  so  that  they  may  always  be  considered  to  be 
in  thermal  equilibrium,  thus 

I  -  -  a  (7) 

where  AE  »  energy  difference  between  levels  1  and  2 
k  ■  Boltzmann’s  constant 
T  “  temperature  (®K) 

Defining  the  total  number  of  atoms  per  cubic  centimeter,  S,  we  have 
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S  ■=  NQ(t»x)  +  N^(t,x)  +  N^Ct.x) 

v8) 

+  NQ(t,x)  +  ((l+a)/a)N2(t,x) 

Eq.  (5)  and  (8)  can  be  used  to  obtain  expressions  for  N2(x,t)  and 
NQ(x,t).  Thus, 

XT  .N  _  “02  <^02^ 


N, (x,t) 


?o  +  ll-jgl 

)2[g2  ^  a 


NQ(x,t)  «  S 


"02  [i^ 


(10) 


Defining 


_  O  Si  I  <1 


and  substituting  Eq.  (9)  and  (10)  into  Eq.  (1)  one  gets 


da«,(x,t) 


-  *  KP(x,t)  aQ2(x,t)  +  A  aQ2(x,t)  +  A  aQ2S.  (11) 


Eq.  (6)  can  be  integrated  to  yield 

X 

P(x,t)  =  P(o,t)[exp(/  ap,o(x,t)dx)] 


We  will  assume  the  R2  pumping  input  is  constant  in  time,  so  that 
P(o,t)  »  P(o,o)  =  P^  f 

and  thus 


P(x,t)  =  P^[exp(/  aQ2(*  ft)dx)] 


(12) 


TRb/ 
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This  result  can  now  be  inserted  into  Eq.  (11)  to  obtain 


da«,(x,t) 


KP  [exp(/a^,(x,t)dx)ia««(x,t) 


+  AcxQ2(x,t)  +  AcJq2S 


(13) 


2.0  Steady  State  Solution 

This  final  equation  obtained  in  the  previous  section  is 
difficult  to  solve  in  the  general  case.  However,  the  steady  state 
case,  t  00  can  be  solved  by  setting 

TT  °  > 

from  which  it  follov/s  that 


/  af,9(x)dx 


(14) 


where 


-a««S  =  unpunped  absorption  coefficient. 


Eq.  (14)  can  be  converted  into  a  differential  equation  in  P(x)  since, 
from  Eq.  (6) 

_  1  dP(x) 

“02  PT5JT 

Inserting  this  into  Eq.  (14)  and  Integrating,  one  obtains, 

jCPq  -  P(x))  +  in  -  002  s(x) 


Ub/ 
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or 


X  \  X 

1  -  [exp(/  a(x)dx)j|  -  /  a(x)dx 
o  I  o 


002  W  • 


(15) 


By  Inserting  Eq.(14)  into  Eq.  (15)  a  transcendented  expression  for 
a(x)  is  obtained.  Thus 


P 

Several  plots  of  aQ2(x)  vs  x  for  different  values  of  and  for 

T  «  77® K  are  presented  in  Fig.  4. 
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